A demonstration of ultraviolet-B (UVB) communication link is implemented utilizing quadrature amplitude modulation (QAM) orthogonal frequency-division multiplexing (OFDM). The demonstration is based on a 294-nm UVB-light-emitting-diode (UVB-LED) with a full-width at half-maximum (FWHM) of 9 nm and light output power of 190 μW, at 7 V, with a special silica gel lens on top of it. A −3-dB bandwidth of 29 MHz was measured and a high-speed near-solar-blind communication link with a data rate of 71 Mbit/s was achieved using 8-QAM-OFDM at perfect alignment. 23.6 Mbit/s using 2-QAM-OFDM when the angle subtended by the pointing directions of the UVB-LED and photodetector (PD) is 12 degrees, thus establishing a diffuse-line-of-sight (LOS) link. The measured bit-error rate (BER) of 2.8 × 4,493,114, (1985). 31. J. Yan, J. Wang, Y. Zhang, P. Cong, L. Sun, Y. Tian, C. Zhao, and J. Li, "AlGaN-based deep-ultraviolet lightemitting diodes grown on high-quality AlN template using MOVPE," J. Cryst. Growth 414, 254-257 (2015).
Introduction
Communication systems based on UV-band have many inherent advantages. There are low background solar radiation and low device dark noise for UV-band, especially for the UV-C/B band (100-280nm/280-315nm) [1] . Besides, less restrictive requirements for pointing, acquisition, and tracking (PAT) are also appealing because of the atmospheric scattering of UV radiation by abundant molecules and aerosols [2] which offers an outstanding merit to construct a non-line-of-sight (NLOS) communication link. Ultraviolet (UV) communications study can be dated back to 1960s, where an early work compared various UV light sources for communication [3] , including xenon flashtubes, carbon arcs, low-pressure mercury arc lamps, gallium lamps and nitrogen filled tubes. For the experimental study of channel characteristics, Sunstein et al. reported the short-range non-line-of-sight (NLOS) channel characterization in 1968 [4] , in which a xenon flashtube was used as the light source and a photomultiplier tube (PMT) as the receiver. Subsequently, several theoretical models were developed to analyze the UV communication channel characteristics, such as temporal characterization, angular spectra and path loss [5, 6] . The effect of large obstacle for NLOS channel characterization was evaluated in [7] by utilizing a low-pressure mercury lamp and a PMT combined with a solar-blind filter. Researches were also conducted on pulse broadening effects in NLOS communication channels [8] , effect of turbulence and system geometry on the received signal energy distribution [9] , and path loss and pulse broadening effects by onoff keying modulation [10] .
As for data communication link, a data rate of ~1.2 kbps based on frequency-shift keying (FSK) was achieved using a 254-nm mercury lamp and a PMT with a solar-blind filter [11] .
The UV pulsed laser communication system based on 266-nm Nd:YAG diode-pumped solid-state (DPSS) laser has been proposed utilizing pulse position modulation (PPM) [12] . However, the limited modulation bandwidth in DPSS lasers become a major challenge for high data rate UV communication links.
In [25] . In addition, LEDs readily offers a large divergence angle from its Lambertian radiation pattern without the need for beam-expansion, for example by means of Keplerian beam expansion for the case of laser diodes, and thus relax the PAT requirement and offers simpler and compact UV communication system. By means of different transceiver geometries with a 7 ball-lens 250-nm UV LEDs with a power of 2.1 mW, bit-error rates were studied over a communication distance of 35 m using OOK modulation [26] . Besides, power losses in diffused ultraviolet optical communications channels using 265-nm LED were also studied [27] . However, to the best of our knowledge, the record data rate in UV-LED based communication link is 2.4 kbps [28] , which is considerably low. Table 1 summarizes the advances of UV systems with system performance, including the light sources, modulation technique, channel length, and the achieved data rate.
Regarding UV safety, the American Conference of Governmental Industrial Hygienists (ACGIH, 2005) has set a threshold limit value (TLV) of 6.0 mJ/cm 2 (60 J/m 2 ), which is based on the effect of erythema to a "fair skinned" individual. It should also be noted that a TLV is defined as "…conditions under which it is believed that nearly all workers may be repeatedly exposed, day after day, over a working lifetime, without adverse health effects" suggesting that adherence to the TLV should preclude any adverse effects, stochastic or deterministic. One way to minimize the adverse effects of UV radiation in communications is to aim at obtaining the highest communication performance using the lowest possible UV power.
In this letter, we report a high-speed near-solar-blind UV communication system with a data rate up to 71 Mbit/s in LOS link, and 23.6 Mbit/s at a 12 degrees diffuse-LOS link, based on orthogonal frequency-division multiplexing (OFDM) modulation technique. The system utilizes a 294-nm UVB-LED having an optical power of 191 μW when operated at 7 V as the transmitter, which encapsulated with a special silica gel lens, similar structure and fabrication process of the LED can be found in [31] . A Si avalanche photodetector (APD) was used as the receiver. The measured bit-error rates (BERs) are 2. ). To the best of our knowledge, this is the first demonstration of an 8-QAMs OFDM near-solar-blind UV communication system, with the highest data rate ever reported. 
Experimental details
The voltage vs. current and optical power vs. current measurements for the UVB-LED was measured using Keithley 2400 source-measure unit, Newport 2936-C power meter (with an Newport 818-UV photodetector whose active area diameter is 10.3 mm) with the distance between LED and power meter of zero. Also, the power vs. the distance and power vs. angle were measured using Newport 2936-C power meter. The emitted spectrum was measured using an Ocean Optics QE-Pro high-resolution spectrometer. Our UV communication test bed is depicted in Fig. 1 . The OFDM modulation signal is compiled using Matlab and then transmitted to the Agilent Technologies 81150A Pulse-/Function-/Arbitrary-Generator. The DC bias and modulation signal are combined using a Marki BTK-1610 4 kHz -40 GHz biastee, and injected into the LED. At the receiver end, two anti-reflection coated plano-convex lens (Thorlabs LA4052-UV) with focal lengths of 35 mm were used to collected and focus UV light into the Si avalanche photodetector (Thorlabs APD 430A2/M), having a wavelength range of 200 -1000 nm, bandwidth of 400 MHz, responsivity of 15 A/W and an active area diameter of 0.2 mm. A Tektronix DPO70404C Digital Phosphor Oscilloscope with a bandwidth of 4 GHz and a sampling rate of 25 GS/s was used for receiving the modulation signal, which is then analyzed using a Matlab program. The LED bandwidth measurement was also under this set up, while the distance between LED and APD is zero and there is no lens. 
Results and discussions
The light output power -current -voltage (LIV) characteristics of the UV LED used in our study is shown in Fig. 2(a) . For modulation study, an injection current of 14 mA at 7 V bias was used to produce a total light output power of 190 μW. To maximize the modulation signal amplitude for improving signal-to-noise ratio (SNR), the AC amplitude was set at 2V. The LIV measurement was performed with a negligible distance between LED and PD facing each other directly. The packaged UVB-LED was bonded on a printed circuit board (PCB) as shown in Fig. 2(b) . The spectra of the UVB-LED is plotted in Fig. 3(a) , a ~294-nm peak emission with FWHM of ~9 nm was measured. The small signal frequency response of the UV channel is measured in Fig. 3(b) , which takes all the components into account in the system, like the transmitter, i.e. the UV LED, and the receiver, i.e. the APD. The UV LED bandwidth was measured using the Digital Phosphor Oscilloscope (DPO) for received signals with different amplitudes through varying their modulation frequency. In Fig. 3(b) , the −3 dB bandwidth, i.e. the frequency at which the received signal voltage amplitude decreases to 1 2 is 29 MHz, was measured by keeping the distance between the LED and APD as close as possible (distance = 0). The UV communication link, as shown in Fig. 4(a) was used to study the optical power as a function of the distance between the UVB-LED and the APD [ Fig. 4(b) ]. The optical intensity decreases with increasing distance was nearly following the characteristic of a Lambertian light emitter, in addition to scattering and absorption by the atmospheric particles and aerosols. Received power will be affected by the radiation flux on the PD active area, in other words, solid angle, which is inverse proportional to the square of the distance between LED and PD. Described as solid angle equation:
where Ω is the solid angle (steradian), x (cm) is the distance (cm) between transmitter and receiver, and A is the active area (cm 2 ) of the receiver. Thus, the received power will decease as result of the reduction of the solid angle at a given receiver active area.
Besides, according to Beer-Lambert Law, UV radiation propagate through this channel will follow the formula:
where ( ) I x and 0 I are the remaining power (mW) at a transmission distance of x (cm) and the power at the origin point, respectively, and α is the attenuation coefficient.
As shown in Fig. 4(b) , the received power decreases exponentially below 1.5 μW in the 8 -20 cm range. Therefore, the measurement distance is limited to 8 cm, over which the use of OFDM modulation schemes for UV communication was evaluated. For evaluating the angular response and the corresponding performance of the channel, the pointing directions between the LED and PD were varied. The angle between the LED and PD can be precisely changed using the rotation stage as shown in the Fig. 4(a) . In Fig.  5(a) , the measured received power vs. the angle subtended by the pointing directions of the UVB-LED and PD was plotted along with the simulated received power based on Lambert's cosine law. Both of them reduce gradually with increasing angles, while the measured power was larger than simulated received power. The deviation between the two curves can also be easily understandable, in that the Lambert's cosine law is only suitable for the unpackaged planar LEDs. As a result of the variation of the received power, the data rate will also change correspondingly. A strategy that was adopted in maintaining high data rate at a nonzero pointing angle is by adjusting the QAM constellation size in the OFDM scheme while taking BER into account (i.e. BER of lower than the FEC criteria is required for a meaningful QAM OFDM implementation).
The implementation is further described in the following. The relationship between data rate (in bits/s) and other parameters of the transmission scheme is governed by the following equation:
where S is the sampling rate (s −1 ), N is the number of OFDM subcarriers, M is the QAM constellation size (number of QAM symbols), and L is the OFDM symbol length (number of samples). We set the sampling rate as 2 GS/s, symbol length as 2048, number of informationbearing subcarriers as 25 (corresponds to 0 -25 MHz bandwidth) in this experiment. Hence, a 2-QAM (equivalent to binary phase shift keying) constellation achieves 24.4 Mbit/s, 4-QAM (equivalent to quadrature phase shift keying) achieves 48.8 Mbit/s, and 8-QAM achieves 73.2 Mbit/s. The length of the cyclic prefix is set at 1/32 of the symbol length. Therefore, the actual data rate we achieved in this experiment should be 23.6 Mbit/s corresponding to 2-QAM, 47.3Mbit/s corresponding to 4-QAM, 71 Mbit/s corresponding to 8-QAM. As shown in the Fig. 5(b) , 8-QAM can be used within 5 degrees angle with BER below the forward error correction (FEC) criterion, while it should also be noted that BER will increase with the increasing angle as a consequence of power loss. BER is 2.64 × 3 
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− when the angle is 4 degrees, which is almost close to the FEC limit. In order to circumvent the larger BER values at larger angles, 4-QAM is adopted within 6 -8 degrees, and 2-QAM for 10 -14 degrees. At 14 degrees, BER is 7.08 × 3 
− using 2-QAM OFDM modulation, indicated as the red dots in Fig. 5(b) , which exceeds the forward error correction (FEC) limit. The corresponding BER and constellation maps for angles of 2, 4, 6, 8, 10, and 12 degrees were obtained and shown in Figs. 6(a) -6(f). Thus, a reliable, high data rate transmission over a total of 24 degrees (+/− 12 degrees) was established. Figure 6 shows the corresponding received constellation maps under different measured angles. 
Conclusions
In summary, we have demonstrated a near-solar-blind UVB-LED based communication channel with a high data rate of 71 Mbit/s based on QAM OFDM. The presented system utilized a 294-nm LED with an output power of 190 μW at 7V bias voltage as a transmitter, with a −3dB bandwidth of ~29MHz. Constellation maps, data rates and BER with varying the pointing angles between the LED and the PD were characterized. The subtended angle between the pointing direction of LED and APD for feasible communication below the FEC limit is +/− 12 degrees over an 8-cm channel. The highest data rate is maximum when the UVB-LED is aligned with the APD (71 Mbit/s) and lowest when the angle between LED and PD is 12 degree (23.6 Mbit/s) even in the presence of weak light intensity of 1.5 μW UVB light. Our investigation thus sets the foundation for future work on NLOS communication, which can be facilitated with a higher power UVB or UVC LEDs or laser diodes of over tens and hundreds of milliwatts.
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